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H I G H L I G H T S
• As-built LPBF Ti6Al4V ELI specimens have a fully martensitic microstructure.
• Stress-relief leads to a coarsening of needles and precipitations. No β-phase was observed.
• Ductile fracture mode dominated at impact test. Crack initiated earlier after stress relief.
• Multiple fatigue crack initiation due to surface roughness was observed.
• Crack propagation rate was slightly higher after stress relief.
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A B S T R A C T
The influence of a stress-relief treatment on impact and fatigue properties of Ti6Al4V ELI samples manufactured
by laser powder bed fusion was analyzed. The heat treatment resulted in removal of residual stresses, coarsening
of needles and formation of precipitations between needles. In both, impact and fatigue tests, crack development
was correlated to microstructural features. Fracture analysis was carried out by means of optical and electron
microscopy to reveal the influence of microstructure on crack development. Ductile fracture was the dominating
fracture mode at impact testing. Pore formation and coalescence were the main crack formation mechanisms.
The microstructural changes led to a decrease in impact toughness after heat treatment. Presumably, this was a
result of the precipitations between needles. Fatigue results showed multiple crack nucleation at the surface in
both, as-built and stress-relieved material. The crack propagation rate was slightly higher and the crack was less
deflected in the stress-relieved material due to the stress relief and coarsening of the microstructure.
1. Introduction
Laser powder bed fusion (LPBF) is an additive manufacturing (AM)
process in which a high power laser beam melts metal powder and
deposits it layer by layer to produce customized parts. Multiple, rapid
heating-melting-solidification cycles build the material, while non-
melted powder remains in place to support the structure. LPBF is a
process that opens up opportunities for producing lightweight compo-
nents with complex geometries and internal structures, which cannot be
produced by conventional techniques [1]. The ability to produce near
net shape parts with up to 99.9 % relative density is of great interest for
the aerospace and automotive fields, and the ability to produce porous
structures is of interest for biomedical purposes (e.g. scaffolds) [2].
Ti6Al4V is a low-density alloy that possesses a good combination of
strength, toughness and corrosion resistance. It is a suitable candidate
for aerospace applications due to its high strength-to-weight ratio, and
also for biomedical applications for its biocompatibility [3]. This ma-
terial is relatively easy to print with high density and therefore it at-
tracts huge attention within the AM community. Conventional me-
chanical characteristics of LPBF Ti6Al4V were reported many times in
as-built, and heat treated conditions [4,5]. Usually, the high cooling
rates during LPBF (about 106 K/s) lead to the formation of α′-marten-
site, which promotes higher strength but gives less ductility [6]. Si-
monelli et al. [4] observed that a post heat treatment (730 °C during
2 h) lead to the transformation of α′-martensite→ α+ β phases, thus
making slip transfer across the α/β interface possible and increasing the
overall ductility. Vracken et al. [5] reported an increase of the ductility
of LPBF specimens after a post heat treatment at 850 °C for 2 h up to
12.84 ± 1.36 % in comparison with 7.36 ± 1.32 % of the non-treated
specimens.
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Recently, new studies have been performed with a Ti6Al4V ELI
(Extra Low Interstitial) alloy with less oxygen content, as this improves
ductility, fracture toughness, stress-corrosion resistance and resistance
against crack growth [7–9]. Those studies have demonstrated the fea-
sibility of LPBF Ti6Al4V and ELI alloys, by achieving mechanical
properties similar to components obtained by conventional processes
[10].
It is known that one of the major causes of mechanical failure of
engineering components is crack nucleation and propagation. In tita-
nium alloys, a strong influence of microstructure on crack behavior has
been reported [11]. Many investigations of AM Ti6Al4V have focused
on the fatigue performance of LPBF Ti6Al4V material. They have pre-
sented an influence of surface roughness, porosity, surface finish and
heat treatment on fatigue life [12]. Fewer publications have studied
impact behavior of LPBF Ti6Al4V [13,14]. Nevertheless, in order to
understand the durability of the material, it is of highest importance to
understand how crack propagates under fatigue or impact conditions
and to understand how cracks interact with the microstructure. This
will give an input to the development of new heat-treatment proce-
dures, providing tailored microstructures and predictable crack beha-
vior for LPBF Ti6Al4V materials in demanding applications.
The present study presents results of impact and fatigue tests of
LPBF Ti6Al4V ELI in as-built and stress-relieved conditions. The mi-
crostructure of the materials was investigated by means of electron
microscopy including electron backscatter diffraction. The main focus
was to understand fracture mechanisms and the interaction of cracks
with microstructure.
2. Materials and methods
Ti6Al4V ELI alloy feedstock powder from TLS Technik GmbH & Co
Spezialpulver KG was used to print the specimens. The powder showed
a spherical morphology, typical for the gas atomization process.
According to the manufacturing specification, the particle size was
d10=11.16 μm, d50=20.64 μm, d90=31.84 μm (weighted by vo-
lume). Before manufacturing, the powder was dried at 80 °C for 2 h.
Specimens were produced by EOSINT M280 system (EOS GmbH)
with volume rate 5mm3/s for 30 µm powder layer thickness.
Parameters recommended by the equipment producer were used for
manufacturing of specimens. A back-and-forth (zigzag) scanning
strategy by strips of 10mm in width with a hatch distance of 100 µm
was applied. All specimens, 10x10x60 mm3 in size, were built without
supports, directly on substrates of Ti6Al4V ELI. The long axis of the
specimens was parallel to the building direction. Argon was used as
protective atmosphere. The oxygen level in the chamber was controlled
and it was in the range of 0.07–0.12 %. The stress-relief treatment was
performed in a regular heat-treatment furnace at 650 °C during 3 h with
a heating rate of 3.3 °C/min, followed by a furnace cooling. The furnace
was equipped with a stainless steel box, continuously filled with Ar
during the treatment. After the stress-relief treatment, the specimens
were cut off from the substrate. Both, as-built (AB) and stress relieved
(SR) specimens, were manufactured for impact and fatigue testing.
Charpy impact tests of un-notched specimens were performed with
a Pendulum Impact Tester RKP 450 from Zwick/Roell in order to de-
termine the toughness of the materials. The area under the force-dis-
placement curve defines the energy absorbed by the test piece. All
surfaces were grinded with 320 SiC paper. Three-point bending fatigue
tests were carried out with an Instron 8801 equipment until failure. The
stress amplitude was 700MPa, the stress ratio R=0.1 and the fre-
quency 10 Hz. The most loaded surface of the specimens was left as-
built, in order to study the influence of roughness. The surface rough-
ness (Ra parameter) was measured by optical profiler ContourGT-K
(Bruker). The other faces of the specimens were polished. Both tests
were arranged so that the crack propagated perpendicular to the
building direction i.e. perpendicular to the prior β-phase grains. The
analysis of fracture surfaces was carried out in scanning electron mi-
croscope (SEM) LEO 1350 FEG, operated at 20 kV.
The microstructure of as-built and stress-relived materials was
analyzed. Cross-sections were prepared by standard metallographic
procedure. Samples were grinded up to 4000 SiC paper, polished with
colloidal silica, and etched in Krolĺ’s reagent for microstructural in-
vestigations. SEM and optical microscopy (Leica DMI 3000M) were
used for that purpose. Control of SEM and measurements of needle size
were carried out by using SmartSEM® V05.04 SEM software provided by
Carl Zeiss NTS GmbH.
3. Results
3.1. Microstructure analysis
Fig. 1a and b shows the needle microstructure of AB and SR mate-
rials, respectively. After the SR treatment, an increase in size of the
martensitic needles can be observed. The average thickness of the
needles was measured to be of 0.4 µm and 1.1 µm for AB and SR spe-
cimens, respectively. Additionally, the microstructure has changed.
After SR treatment spot like precipitations between the needles ap-
peared, but EBSD did not show any evidence of β-phase (Fig. 2).
3.2. Impact test
The characteristic force-displacement curves of each specimen are
shown in Fig. 3. After sever plastic deformation, crack initiation and
crack arrest points can be differentiated according to the standard
specification ISO 14556 [15]. The energy absorbed by the material
during the impact is described as the area under the force-displacement
curve.
Fig. 1. SEM micrographs in backscattered electron mode of (a) AB and (b) SR LPBF Ti6Al4V ELI specimens.
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Table 1 shows the force and displacement values, as well as the
absorbed energy during the impact at crack initiation and arresting
points. The results show that the SR material absorbs less energy before
crack initiation (Wiu=332 J) than the AB material (Wiu=416.3 J),
Fig. 2. EBSD results showing band contrast (left) and phase contrast (right) micrographs of (a) AB and (b) SR samples. (α/α′-phase: blue color; β-phase: red color).
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article).
Fig. 3. Force-displacement curves of vertical AB and SR LPBF Ti6Al4V ELI
specimens.
Table 1
Average values of force, displacement and energy parameters obtained by im-
pact test.
Parameters AB specimens SR specimens
Force [kN]
Maximum force (Fm) 47.5 ± 0.6 46.7 ± 0.0
Crack initiation force (Fiu) 34.5 ± 0.8 38 ± 0.6
Crack arresting force (Fa) 13.3 ± 4.4 8 ± 1.1
Displacement [mm]
Displacement at maximum force (Sm) 3.2 ± 0.1 3 ± 0.1
Crack initiation displacement (Siu) 10.2 ± 0.2 8 ± 0.1
Crack arresting displacement (Sa) 10.3 ± 0.1 8.2 ± 0.0
Energy [J]
Energy at maximum force (Wm) 121.2 ± 1.1 115.6 ± 3.9
Crack initiation energy (Wiu) 416.3 ± 8.8 332.0 ± 3.7
Crack arresting energy (Wa) 420.6 ± 6.2 336 ± 1.9
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thus reaching higher displacement due to higher plastic deformation.
Although both materials show a crack arresting point, the curves
mainly show an unstable crack propagation by having similar crack
initiation and crack arresting energy values.
The fracture surfaces after impact test of all specimens are similar in
appearance. The proportion of ductile fracture surface was able to be
calculated with the force values (Table 1) following Eq. (1) [15]. The
results show 100 % and 95 % of ductile fracture surface for AB and SR
specimens, respectively. It was an unexpected result since a brittle be-









In all cases, an area with high plastic deformation where the crack
initiated, a fibrous zone where the crack propagated, and shear lips
were observed. Fig. 4 shows SEM micrographs of the fracture surface
regions of crack initiation (Fig. 4a), and crack propagation (Fig. 4b). In
the region of crack initiation, severe plastic deformation, shallow
dimples and coalescence of voids was observed. Formation and coa-
lescence of micro-voids lead to the formation of “terraces” clearly
visible in Fig. 4a, indicated by arrows. Micro-dimples indicate ductile
fracture. Fig. 4b shows a SEM micrograph of the fracture surface in the
crack propagation region. The fracture surfaces of both AB and SR
specimens have a similar appearance and the same features were ob-
served. In both cases, “terrace” features were found. This could be a
result of quasi-cleavage fracture [4] due to an interaction of the crack
with features of the microstructure.
Fig. 4c and d shows the cross-sections of the fracture surfaces of
Fig. 4a and b, respectively. The formation and coalescence of pores at
prior β grain boundaries (Fig. 4d) and between needles (Fig. 4c and d)
can be observed. The propagation of the crack along the needles led to
the formation of the flat regions known as quasi-cleavage in Fig. 4d.
3.3. Fatigue test
Both, AB and SR specimens, were tested under three-point bending
fatigue conditions and showed crack nucleation at the surface, which is
not a surprise as the most loaded surface was left unpolished. Surface
roughness values measured with optical profiler was
Ra=18.0 ± 0.1 µm. Previous research on specimens from the same
batch have shown that the fatigue life under bending of vertically built
specimens increased about three times after stress-relief treatment [9].
Fig. 5a and b shows morphology of the most loaded surface of AB and
SR specimens after failure. On the top surface close to the fracture
surface of AB specimens, a number of secondary cracks parallel to the
fracture surface can be observed. Less amounts of similar secondary
cracks were observed on the top surface of the SR specimens.
Both specimens show multiple crack nucleation (Fig. 6a and b).
Additionally, cracks were found to initiate in parallel planes, thus
merging and creating irregular fracture paths seen from the top surface
(Fig. 6a and b). The crack propagation areas show irregular surfaces
composed by dimples and quasi-cleavage features on both AB and SR
specimens (Fig. 6c).
To investigate the interaction of the main crack with the micro-
structure, vertical cross-sections were made parallel to the crack pro-
pagation direction, as close as possible to the location of the main crack
(Fig. 7), see dashed lines in Fig. 6. Observations of several cross-sections
showed that the fracture surface in the crack growth area was smoother
in the SR specimens than in the AB ones.
Crack propagation was estimated based on electron microscopy
observations of the width of striations on the fracture surfaces in de-
pendence on the crack length (Fig. 8a). The calculations of ΔK value
Fig. 4. SEM micrographs of fracture surface morphology of (a) the crack initiation region (typical steps are marked with arrows and shown in the inset) and (b) the
crack propagation region (quasi-cleavage regions are marked with arrows); (c, d) optical micrographs of cross-sections: (c) corresponding to (a), and (d) corre-
sponding to (b). The black arrows indicate the formation and coalescence of pore (c) between needles and (d) at prior β grain boundaries. The white arrows indicate
the quasi-cleavage regions from Fig. 4b.
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were performed according to [16], based on the stress-intensity factor
equations for semi-elliptical surface crack model. The crack growth data
(da/dN) obtained from measurements on the fracture surface was
plotted versus the calculated stress intensity range (ΔK), and Pariś law






Fig. 8b shows the typical behavior of crack growth. The sigmoidal
curves can be divided into three different regions, usually known as I, II
and III (inset Fig. 8b). Within region I (where stress levels are low and/
or the length of the cracks are small), the pre-existing cracks will not
grow with the cyclic loads. In other words, there exist a threshold value
( KΔ TH) below which fatigue cracks will not propagate. Above the
threshold value there is a linear region (regime II) in Fig. 8b until the
fracture toughness value (KIC) is reached and final fracture occurs. The
threshold value was found to be between KTH =4–7MPam−1/2, and
the fracture toughness KIC =25–30MPam−1/2. The slope of the linear
curve in regime II or the “m” value, was fitted to m=1.32–1.45 (AB
specimen) and 1.37–1.58 (SR specimen), which suggests that crack
growth is slightly faster in SR than in AB specimens.
4. Discussion
Post heat treatments are commonly used to improve ductility, al-
though strength can be reduced [5,17]. According to previously re-
ported data, the stress-relief treatment of LPBF Ti6Al4V ELI material
did not have any significant influence on yield strength, tensile strength
or elastic modulus, but increased the elongation from 9.4 to 10.9 %, in
comparison with AB specimens [8]. However, other mechanical prop-
erties such as impact toughness and fatigue needs to be understood for
industrial applications. After the stress-relief treatment used in this
study, the specimens did not show any remarkable microstructural
Fig. 5. Top surface areas of (a) AB and (b) SR specimens (Cracks indicated with white arrows).
Fig. 6. SEM micrographs of crack initiation (a, b) and propagation (c) regions. The dashed line illustrates the direction of the cross-sections (in Fig. 7).
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changes. The needles still maintained the sharp morphology which is
typical of the martensitic α′-phase. Since – α and α′ phases have HCP
structure and quite similar lattice parameters, it is hard to distinguish
them by XRD or EBSD. Commonly, they differ by needle morphology, in
which more rounded shape needles correspond to the α-phase [18].
4.1. Impact testing
The effect of post heat treatments on mechanical properties of AM
Ti6Al4V strongly depends on the initial α′-phase and its decomposition.
Results obtained in the present investigation show that stress-relief
treatment led to some decrease in the energy absorbed before crack
initiation.
Commonly an improvement of impact toughness was reported for
heat-treated LPBF specimens [13,14,19,20]. Wu et al. [19] attributed
the improvement of impact toughness to the elimination of the disc-
shaped pores and the transformation of α′-martensite into a lamellar
α+ β structure after HIP treatment (1000 °C/150MPa). Meyer et al.
[20] studied the effect of different aging treatments (1 h) on mill-an-
nealed Ti6Al4V specimens, where temperatures for solution annealing
and final aging as well as cooling rate were varied. From all conditions,
those with α+ β structures showed high impact toughness. In contrary,
the results obtained in this study showed the opposite trend, which is
consistent with the findings of Yasa et al. [13], who performed a heat
treatment of 3 h at 595 °C.
Usually, in as-built conditions, the microstructure of LPBF Ti6Al4V
consists of α′-martensite. The lack of ductility of the α-phase has re-
sulted in the development of post heat treatments to homogenize the
microstructure, release residual stresses and improve ductility with
minimum loss in strength [21]. It has been reported that heat treat-
ments carried out at temperatures of 440–590 °C result in residual stress
relaxation [19,22], while those at 760–850 °C result in the decom-
position of α′ into α+ β phases [4,5]. However, α′ decompositions has
been reported to start earlier (∼400 °C) [22,23]. Currently, different
changes of microstructures have been reported after stress-relief treat-
ment: (i) the formation of very fine needles consisting completely of α-
phase and α′-martensite (650 °C for 3 h) [24], (ii) partial decomposition
of α′-martensite phase towards acicular α by slight coarsening of the
microstructure (650 °C for 4 h) [19], and (iii) fine precipitation of β-
phase along the α′ needle boundaries (650 °C for 2 h) [22].
In the present investigation, changes in morphology of the needles
after stress-relief heat treatment were observed by electron and optical
microscopy, Fig. 1a and b. The average thickness of the needles in-
creased and small precipitates appeared between the needles. However,
EBSD did not detect any β-phase (Fig. 2). Often, similar precipitations
have been reported after heat treatment [19,22,24]. At the same time,
small white precipitations between α/α′ needles were visible in the as-
built specimens, but also in as-built specimens [25,26]. The precipita-
tions found in as-built specimens were located between α/α′ needles
and have been identified as α-phase, and called “α rods” and “α dots”
Fig. 7. Cross-section of (a) AB and (b) SR Ti6Al4V ELI fatigue specimens. Micrographs illustrate the main crack fracture and secondary cracks parallel to the main
one.
Fig. 8. (a) SEM micrograph of surface striations. (b) Fatigue crack propagation of AB and SR LPBF Ti6Al4V ELI specimens.
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based on SEM and EDS analyses [25]. In another study, they were
identified as primary α′, secondary α′, tertiary α′, quartic α′ and α rods
and dots, Agius et al. [26]. The formation of these precipitates was
associated with intrinsic low-temperature heat treatment during man-
ufacturing [23,25,26]. Commonly, the presence of precipitation on in-
terfaces can result in a decrease of toughness of the material. Therefore,
the lower impact energy values observed in the SR material in this
study, could be attributed to the presence of the precipitations observed
by electron microscopy.
In the crack initiation area, the fracture surface has quite the same
morphology for both AB and SR specimens. Coalescence of pores and
formation and coalescence of new voids forming "terraces" are the main
mechanisms of the crack initiation. In the crack development region,
morphology of the fracture surface is also quite similar. Ductile fracture
with formation of dimples was observed, Fig. 4a. Cross-sections of this
region revealed a strong interaction of the crack with the micro-
structure. Fig. 4c and d shows the presence of micro-voids between the
needles in the colony. The crack has a distinguished deflection on prior
β grain boundaries and are strongly influenced by the orientation of the
needles within the prior β grains. The presence of precipitates between
needles in the SR specimens, may facilitate the formation of voids and
accelerate crack nucleation. This can be an explanation to the experi-
mentally observed difference in Wiu values between the AB and SR
specimens (Table 1). Additionally, a coarsening of microstructure was
observed (Fig. 1b). Zhang et al. [21] has shown a declining trend of
ultimate compressive strength and yield strength with increasing tem-
perature of the heat treatment, as well as with the coarsening of needles
in LPBF Ti6Al4V material. In conventional Ti6Al4V with α+ β mi-
crostructure, a high impact toughness has been reported [20]. In the
present investigation, coarsening of the microstructure did not lead to
an increase of toughness, possibly due to a negative effect of pre-
cipitations.
4.2. Fatigue behavior
The study of fatigue crack nucleation and propagation carried out in
this investigation, showed that cracks nucleated at the surface due to
surface roughness. Surface roughness is known to influence fatigue life
of AM Ti6Al4V significantly. In the literature, it has been reported that
machining of the surface increased fatigue life substantially, especially
at low stress amplitudes [12]. The deepest valleys and notches at the as-
built surface of the LPBF Ti6Al4V specimens play a role as stress con-
centrators. The random distribution of these surface defects led to
multiple nucleation of sub-critical cracks. These cracks grew parallel to
each other at the loaded surface, Fig. 7. When these sub-critical cracks
reached a critical size, they merged, but as they were not nucleated in
the same plane, the finally formed crack is characterized by deflections
and irregularities, Fig. 6b.
In the AB specimens, the number of parallel cracks initiated during
the test was high, Fig. 5a. In the SR specimens such parallel cracks were
rarely observed (Fig. 5b). The difference could be explained by the
relief of residual stresses in the SR specimens. Residual stresses are
known to influence fatigue life of AM Ti6Al4V significantly. Studies
reported that stress-relief treatment increased fatigue life by one order
of magnitude [12]. Nevertheless, the final crack formed after the
merging of sub-critical cracks is still irregular in the SR specimen as
well. Although the stress was relieved, the surface roughness still led to
multiple crack nucleation, which in turn resulted in deflections and
irregularities at the fracture surface.
From the crack propagation curves, illustrated in Fig. 8b, it is clear
that the crack propagation rate is quite similar in both SR and AB
specimens. However, the coefficient m in Eq. (2) is slightly lower for the
AB material (Fig. 8b). The m values are 1.32–1.45 in AB and 1.37–1.58
in SR. Similarly, higher fatigue crack propagation rates in SR specimens
were observed in LPBF Ti6Al4V ELI [9]. The fracture surfaces of the AB
specimens were rougher than those of the SR specimens, Fig. 7.
Commonly, a more deflected crack propagation path indicates more
energy dissipation, and therefore, a lower propagation rate. In AB
material, the fatigue crack deflects at every prior beta boundary, often
following the interface between the needles. This resulted in a tortuous
crack path and formation of the typical terraces with quasi-cleavage
morphology at the fracture surface seen in Fig. 6c. In the SR material,
the crack grew straighter, with less significant deflection, although
terraces were observed here also. The difference in behavior could be
explained by the contribution of residual stresses. The residual stresses
influence the stress state at the crack tip, which can result in local
changes in crack propagation direction. Thus leading to a more sig-
nificant crack deflection in the AB material.
Heat treatment usually improves fatigue properties of AM Ti6Al4V
material remarkably. Leuders et al. [27] studied the crack growth of
LPBF Ti6Al4V specimens in four different conditions: (i) AB, after a heat
treatment at (ii) 800 °C and another at (iii) 1050 °C during 2 h each, and
(iv) HIP treated. All post heat treatments resulted in a significant in-
crease in mean fatigue life and threshold values for crack propagation.
Similar results have been obtained by Cain et al. [18] who studied
fracture toughness and crack propagation of as-built, stress relieved
(650 °C for 4 h) and heat treated (890 °C for 2 h) specimens in different
specimen orientations. They found that the post heat treatments im-
proved both fracture toughness and crack growth resistance. The stress-
relief heat treatment used in the present study did not show as sig-
nificant influence on threshold values and crack propagation rates as
has been reported [18,27]. In those investigations, the heat-treatment
were performed at higer temperatures and for longer times. This heat
treatments changed microstructure, thus leading to more significant
changes in the influcence of crack propagation rates compared to the
present study. Only slight changes in microstructure, such as coarsening
of needles and formation of precipitates, were observed in SR speci-
mens. These changes led a slightly higher crack growth rate in the SR
material was observed. Usually, changes in fatigue properties after heat
treatment are attributed to relief of residual stresses and changes in
microstructure, coarsening of needles and formation of β-phase. Coar-
sening of needles has been reported by others to decrease fatigue crack
propagation rates in conventional Ti6Al4V material [11]. Coarsening of
needles and relief of residual stresses, therefore can be considered as the
main factors influencing the fatigue crack propagation rate. The mi-
crostructural changes observed in this investigation did not seem to
influence the nucleation of fatigue cracks at bending fatigue test. Nu-
cleation was rather governed by surface roughness and residual
stresses. In both, AB and SR materials multiple crack nucleation was
observed, but the number of cracks were higher in the AB specimens.
5. Conclusions
Microstructural characterization as well as impact and bending fa-
tigue tests of LPBF Ti6Al4V ELI in as-built and stress-relieved conditions
showed that:
• As-built LPBF Ti6Al4V ELI alloy specimens have a fully martensitic
microstructure. The stress-relief treatment at 650 °C for 3 h leads to
a coarsening of needles, and precipitations between needles. The
needle width increased from 0.4 µm to 1.1 µm. β-phase was not
detected by EBSD.
• The microstructural changes negatively influenced the impact
properties, the crack initiation energy Wiu of the SR specimens was
about 20 % lower than that of the AB specimens. It is suggested that
crack nucleation by the formation and coalescence of micro-voids
along the needles during impact was the main crack formation
mechanism.
• Fatigue crack nucleation was observed at the rough surface. Stress
relief reduced the number of parallel cracks initiated on the top
surface. Still multiple crack nucleation and irregular shape were
characteristics of the fracture surface in both AB and SR materials.
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• The stress-relief treatment had a minor influence on the resistance to
fatigue crack propagation. After stress relief, the crack propagation
rate was slightly higher and the fracture surface in the crack growth
area was smoother in SR specimens.
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